8 Despite their discovery over 25 years ago, the Marine Group II Euryarchaea (MGII) have remained a 9 difficult group of organisms to study, lacking cultured isolates and genome references. The MGII have of redundant, putative MGII genomes (n = 431) to determine which genomes that may represent identical genomic 403 data (fastANI 28 ; --fragLen 1500). Groups of genomes with ≥98.5% ANI were determined to be identical and the 404 genome with the highest completion and lowest contamination estimates were selected as a nonredundant 405 representative for further analysis (Supplemental Data 1; n = 258). Putative coding DNA sequence (CDS) were 406 predicted for each using Prodigal 35 (v.2.6.3). The predicted proteins sequences for each genome were searched 407 (HMMER 48 v.3.1b2; hmmsearch -E 1E-5) using HMM models representing the 120 single copy marker proteins as 408 detailed by the Genome Taxonomy Database (GTDB v.86.0; http://gtdb.ecogenomic.org/) and sourced from
been identified in marine samples from around the world and evidence supports a photoheterotrophic 11 lifestyle combining phototrophy via proteorhodopsins with the remineralization of high molecular weight 12 organic matter. Divided between two clades, the MGII have distinct ecological patterns that are not 13 understood based on the limited number of available genomes. Here, I present the comparative genomic 14 analysis of 250 MGII genomes, providing the most detailed view of these mesophilic archaea to-date. 15
This analysis identified 17 distinct subclades including nine subclades that previously lacked reference 16
genomes. The metabolic potential and distribution of the MGII genera revealed distinct roles in the 17 environment, identifying algal-saccharide-degrading coastal subclades, protein-degrading oligotrophic 18 surface ocean subclades, and mesopelagic subclades lacking proteorhodopsins common in all other 19
subclades. This study redefines the MGII and provides an avenue for understanding the role these 20 organisms play in the cycling of organic matter throughout the water column. 21 22
Main text 23
Since their discovery by DeLong 1 (1992), despite global distribution and representing a 24 significant portion of the microbial plankton in the photic zone, the Marine Group II Euryarchaea (MGII) 25
have remained an enigmatic group of organisms in the marine environment. The MGII have been 26
identified at high abundance in surface oceans 2,3 and can account for ~15% of the archaeal cells in the 27 oligotrophic open ocean 4 . The MGII have been shown to increase in abundance in response to 28 phytoplankton blooms 5 and can comprise up to ~30% of the total microbial community after a bloom 29 terminates 6 . Research has shown that the MGII correlate with specific genera of phytoplankton 7 , during 30
and after blooms 8 , can be associated with particles when samples are size fractionated 9 , and correlate with 31 a novel clade of marine viruses 10 . Phylogenetic analyses have revealed the presence of two dominant 32 clades of MGII, referred to as MGIIa and MGIIb (recently Thalassoarchaea has been proposed as a name 33
for the MGIIb 11 ), that respond to different environmental conditions, including temperature and 34 nutrients 12 . 35
To date, the MGII have not been successfully cultured or enriched from the marine environment. 36
Instead our current understanding of the role these organisms play is derived from interpretations of 37 environmental sampling data (e.g., phytoplankton-and particle-associated) and a limited number of 38 genomic fragments and reconstructed environmental genomes. Collectively, these genomic studies have 39 revealed a number of re-occurring traits common to the MGII, including: proteorhodopsins in MGII 40 sampled from the photic zone 13 , genes targeting the degradation of high molecular weight (HMW) 41
organic matter, such as proteins, carbohydrates, and lipids, and subsequent transport of constituent 42 components into the cell 11,14-16 , genes representative of particle-attachment 9,14 , and genes for the 43 biosynthesis of tetraether lipids 11, 17 . Comparatively, the capacity for motility via archaeal flagellum has 44 only been identified in some of the recovered genomes 11,14 . Much of this primary literature is reviewed in 45
Ref.
46
The global prevalence of the MGII and their predicted role in HMW organic matter degradation 47 make them a crucial group of organisms for understanding remineralization in the global ocean. Evidence 48 supports specialization of MGIIa and MGIIb to certain environmental conditions, but the extent of this 49 relationship in the oceans are not understood and cannot be discerned from the available genomic data. 50
The environmental genomes reconstructed from the Tara Oceans metagenomic datasets 19-22 provide an 51 avenue for exploring the metabolic variation between the MGIIa and MGIIb, and in conjunction with 52 environmental data collected from the same filter fractions and sampling depths 23,24 can be used to 53
understand the variables and conditions that favor each clade . Here, the analysis of 250 MGII genomes  54  identifies the metabolic traits unique to the genomes derived from the MGIIa and MGIIb, providing new  55 context for the ecological roles each clade plays in remineralization of HMW organic matter. Further, the 56
MGIIa and MGIIb can be assigned to 17 subclades, with distinct ecological patterns with respect to 57 sample depth, particle size, temperature, and nutrient concentrations. 58 59
Results

60
Despite their global abundance and active role in the cycling of organic matter, it has been difficult to 61 glean metabolic information from the MGII. As of January 2018, a total of 20 MGII genomes with 62 sufficient quality metrics (>50% complete and <10% contamination) had been reconstructed from 63 environmental metagenomic data and analyzed 11, 14, 17, 25, 26 . This number could be supplemented with two 64 single amplified genomes (SAGs) accessed from JGI that were determined to be ~40% complete but 65 possessed 16S rRNA gene sequences. These publicly available genomes were severely skewed towards 66
the (designated as REDSEA 27 ), were identified in publicly available databases. As the metagenome-70 assembled genomes generated from studies using the Tara Oceans data were generated from the same 71 metagenomes, it was important to identify an potentially identical genomes within the recovered genome 72
collection. Groups of genomes were identified that shared ≥98.5% average nucleotide identity (ANI) and 73 a representative was selected for each group based on completion and contamination metrics. In the past, 74
~96% ANI has been used to denote organisms of different species 28 . A cutoff of 98.5% ANI was selected 75
as to only exclude identical genomes, while attempting to retain genomes with strain level differences 76 sampled from different metagenomes. A total of 90 groups of at least two genomes were identified 77 (Supplemental Data 1) and removal of redundant genomes resulted in a dataset of 258 non-redundant 78 genomes. A phylogenetic tree using 120 concatenated single copy marker proteins was constructed using 79 all genomes that had ≥60 single copy markers ( Figure 1 ). Eight genomes had an insufficient number of 80 markers and were no longer considered for further analysis (a tree with the same parameters was applied 81
to the redundant genome dataset and included 410 genomes; Supplemental Figure 1 ; Supplemental Table  82 1). The MGIIa and MGIIb formed two distinct branches with a majority of genomes (n = 205) belonging 83
to the MGIIb. The genomes further clustered into 17 distinct subclades -8 MGIIa subclades (designated 84
MGIIa.1-8) and 9 MGIIb subclades (designated MGIIb.9-17). The 17 subclades were further supported 85 by pairwise ANI and average amino acid identity (AAI; Supplemental Figure 2 and 3; Supplemental Data 86
2). Nine of the clades were composed exclusively of genomes reconstructed from the Tara Oceans 87 metagenomic dataset. Based on the extrapolated genome size for these 17 subclades, MGIIa genome sizes 88
were significantly larger than MGIIb genomes, on average ~400kbp (Figure 2A ; p << 0.001). The two 89 most basal clades of the MGIIb have mean genome sizes similar to that of the MGIIA. In contrast, there 90 was no clear relationship between percent GC (%G+C) content and phylogenetic group. %G+C content of 91 the genomes had a wide range of values (~35%->60%; Figure 2B ). Additionally, several subclades had 92 high internal variation of %G+C content. 
99
A subset of the MGII genomes had 16S rRNA gene sequences (n = 34) which were used to 100 determine the relationship between previously identified sequence clusters 11,29 and the newly identified 101 subclades (Supplemental Figure 4 ). 16S rRNA sequences from the MGIIa.1 and MGIIb.9 were not 102
represented in previously identified MGII 16S rRNA gene clusters. Conversely, the previously identified 103 N cluster did not have representative amongst the environmental genomes, either as a result of missing 104 diversity among the described genomes or due to the fact that not all of the subclades had a representative 105
with an identified 16S rRNA gene. Several of defined 16S rRNA gene clusters could be linked directly to 
121
MGII share an electron transport chain with putative Na + pumping components. There were several 122 shared traits amongst the MGIIa and MGIIb, particularly related to the components of the electron 123 transport chain (ETC). Genomes belonging to both groups had canonical NADH dehydrogenases 124 (complex I) and succinate dehydrogenases (complex II) that link electron transport to oxygen as a 125
terminal electron acceptor via low-affinity cytochrome c oxidases ( Figure 3 ). As has been noted 126 previously 9 , most members of the MGII possessed genes encoding a cytochrome b and a Rieske iron-127 sulfur domain protein but lacked the genes for the canonical cytochrome bc1 (complex III). Many of the 128 MGII families also possessed RnfB, an iron-sulfur protein that can accept electrons from ferredoxin and 129 transfer them to the ETC. The complete Rnf complex is capable of generating a Na + gradient through the 130 oxidation of ferredoxin but all members of MGII lacked the subunits needed to complete the complex 131 (RnfACDEG). Thus, it was surprising that distributed across all of the subclades in 188 genomes (75%), 132
the MGII possessed an A1AO ATP synthase that, based on the presence of specific motifs in the c ring 133 protein (AtpK), could be inferred to generate ATP through the pumping of Na + ions. All of the genomes 134 had the necessary conserved glutamine and a motif in respective transmembrane helices 30 (Supplemental 135 Figure 5A ). The motif in the second helix appears to be diagnostic of the clade a genome belongs to: the 136
MGIIa contained a LPESxxI motif and the MGIIb contained a LPETIxL motif. The presence of these 137 motifs does not preclude ATP synthesis via H + pumping 31 , though a majority of the experimentally 138 confirmed A1AO ATP synthases with these motifs exclusively pump Na + ions 30 . 139 140
MGII share the ability to degrade extracellular proteins and fatty acids. As has been reported 141 previously 11,14-16 , a majority of the MGII families are poised to exploit HMW organic matter. The families 142
share the potential to degrade and import proteinous material with two extracellular peptidases (sedolisin- incomplete nature of the pathway in these families is the result of uncharacterized family-specific analogs 148
or some degree of metabolic hand-off between different organisms degrading fatty acids. Several other 149 metabolic traits that had been reported in genomes belonging to either the MGIIa or MGIIb are also part 150
of the MGII core genome 11,17 , including the capacity for the assimilatory reduction of sulfite to sulfide, 151
the transport of phosphonates, flotillin-like proteins, which may have a role in cell adhesion, and 152 geranylgeranylglyceryl phosphate (GGGP) synthase, a key gene for tetraether lipid biosynthesis ( Figure  153 3). 154 155 156 only have the previously noted oligopeptide transporter (Figure 3) . 199
Beyond the degradation of proteins and fatty acids, there is evidence to suggest that MGII have a 200 role in the degradation of carbohydrate HMW organic matter 36 . Interestingly, glycoside hydrolases with 201 functionality for the degradation of algal oligosaccharides, including pectin, starch, and glycogen, are 202 found exclusively amongst the MGIIa and the most basal families of the MGIIb, the MGIIb.9, MGIIb.10, 203
and MGIIb.11 (Figure 3) . These same subclades also possess an annotated galactose permease subunit for 204
an ABC-type transporter. Further, MGIIb.9 and MGIIb.10 also possess a glycoside hydrolase that could 205
possibly play a role in mannosylglycerate degradation, an osmolyte found in red algae 37 . 206 207 
214
Motility is a trait common to the MGIIa. Previous research has shown evidence for and against the 215 putative capacity for motility amongst the MGII 11,14 . The analyzed genomes lacked annotations or 216
homology for most of the canonical archaeal flagellum operon (Figure 4 ; Supplemental Table 3 ). 217
However, genomes from all of the MGIIa subclades, MGIIb.9, MGIIb.10, and MGIIb.14 possessed 218 proteins annotated as subunits from the canonical operon (FlaAGHIJ). A comparison of the identified 219 subunits from a representative of the MGIIa.1 to Methanococcus voltae A3 revealed 40-70% amino acid 220 similarity between putative orthologs. These subunits were syntenic in a region that contained an 221 additional 1-3 identifiable flagellins and several orthologous proteins lacking annotations. All of the 222 predicted proteins in this region could be identified by a similarity comparison between representatives of 223 each family. The structure of the region, including the predicted proteins immediately up-and 224 downstream of the region, appeared to be mostly conserved amongst the MGIIa, while some variation in 225 gene content could be observed amongst the subclades from the MGIIb.
226
For several other functions ascribed to the MGII as a whole 11 , there are distinct distributions 227 amongst the clades, including the presence of a catalase-peroxidase amongst the MGIIa and a bleomycin 228 hydrolase amongst the MGIIb (Figure 3 ). Further, several other predicted metabolic functions appear to 229 be specific to only a subset of subclades and may have a role in niche differentiation, including 230 cytochrome bd (a high-affinity oxygen cytochrome responsible for microaerobic respiration), a phosphate 231 substrate-binding subunit for an ABC-type transporter, and UDP-sulfoquinovose synthase, a key gene for 232 the biosynthesis of sulfolipids (Figure 3) . MGII subclades belong to ecological clusters with unique distributions. Using a comprehensive set of 242
Tara Oceans metagenomic datasets from across the globe 24 , that included all of the size fractions for 243
which DNA was collected (viral, 'bacterial', and eukaryotic), it was possible to explore where specific 244
MGII groups were dominant. The MGII were rarely found to be abundant (>0.5% relative abundance; 245 mean, 1.75%; maximum, 4.97%) in samples for size fractions <0.22μm or >0.8μm, with almost all 246 abundant samples occurring in the 'bacterial' size fractions (0.1-3.0μm; Figure 2C ). Globally, the MGII 247
were abundant at all Tara Oceans stations with a 'bacterial' size fraction (n = 45), except for six stations 248 (Supplemental Figure 7 ). There were no Tara Oceans metagenomic samples collected from size fractions 249 >5μm. A canonical correspondence analysis (CCA) based on the MGII community structure for 54 250 samples divided samples along a gradient of temperature and oxygen concentrations (x-axis, 42.2% 251 observed variance) and on nutrient concentrations (y-axis, 28.2% observed variance; Figure 2D ). Overall, 252
samples from the surface and deep chlorophyll maximum (DCM) were intermingled in all quadrants of 253 the CCA plot suggesting that incidence light availability may not be a contributing factor to community 254 composition. Interestingly, while the MGII are not persistently abundant in the smallest Tara Oceans size 255 fractions, of the 11 girus size fraction samples on the CCA plot, a majority (55%) group together 256 correlated to high temperature and phosphate and nitrate concentrations. 257
The abundance of the MGIIa in open ocean samples was limited. In an effort to identify samples 258
where the clade may be abundant, 118 'prokaryotic' metagenomes from coastal (<10km) Ocean Sampling 259
Day 38 2014 (OSD) samples were assessed for the presence of the MGII genomes ( Figure 5 ; Supplemental 260 Figure 9 ). These samples were collected using a unified method that captured whole seawater >0.22μm 261
and measured a limited number of physical properties, generally, temperature, salinity, distance to the 262 coast, and depth (0-5m). Unlike the ubiquitous nature of MGII in the 'bacterial' Tara Oceans fractions, 263
only about a quarter of the samples (n = 31) from OSD had high MGII abundance.
264
Tara Oceans and OSD samples and taxa were hierarchically clustered based on community 265 composition using Bray-Curtis distances. Five groups of taxa that occurred at high abundance in a 266 discreet set of samples were identified (Supplemental Figure 8) . These groups were classified as 267 "Ecological clusters" A-E, an indication of the shared ecology between the taxa. Ecological cluster A 268
consisted of a group of four MGIIa, predominantly from MGIIa.8, that were abundant exclusively in 269 samples from the OSD (Figure 5 ). Though coastal, these OSD samples were marine in nature (30-38 270 practical salinity unit [PSU] compared to Tara Oceans samples 29-40 PSU). The lack of consistency in 271 the types of data collected from OSD samples limits the statistical power for interpreting the influence of 272 oxygen and nutrients concentration on these taxa (pBH-FDR < 0.02), but these OSD samples have moderate 273
temperatures (12-21°C) compared to many of the other samples (FPERMANOVA = 12.04, pBH-FDR = 0.0001).
274
Ecological cluster E consisted of a group of taxa that were exclusively abundant in mesopelagic samples.
275
Though the cluster does exclude UBA528, which is the most abundant taxa in all mesopelagic samples 276 (Supplemental Figure 8 ). This cluster is entirely composed of taxa from the MGIIb, with a majority from 277 the MGIIb.16. All but one mesopelagic sample lack nutrient data, but Ecological cluster E was 278 significantly correlated to low oxygen concentrations (3-237 μmol/kg, FPERMANOVA = 2.884, pBH-FDR = 279 0.0002) and low temperatures (<10.8°C, FPERMANOVA = 7.95, pBH-FDR = 0.0002).
280
Ecological clusters B-D were less confined to a single sample type, but correlated with specific 281 environmental conditions. Ecological cluster B consisted of 14 taxa from both the MGIIa (n = 7) and 282
MGIIb (n = 7) that were abundant predominantly in surface samples with warm temperatures (24-27°C, 283 FPERMANOVA = 9.559, pBH-FDR = 0.0002), moderate oxygen ( 
Discussion
297
The details provided by the increased resolution of MGII genomes collected for this study in 298 phylogeny, metabolism, and ecology redefines what is understood about these globally dominant 299 mesophilic Euryarchaea. Previous phylogenetic diversity contained within reconstructed genomes and 300 genomic fragments failed to capture at least nine newly identified subclades. This collection of 250 301
genomes allows for a more precise understanding of the metabolic potential present in the MGII, 302
including the metabolic and ecological differentiation of the MGIIa and MGIIb. 303
There are several unifying elements in the overall predicted MGII metabolism. All MGII have the 304 metabolic potential to be obligate aerobic heterotrophs with many possessing the capacity to harass solar 305 energy via PRs. There is no collective indication that the MGII have the capacity for anaerobic 306 metabolisms, though members of four subclades (MGIIa.1, MGIIa.6, MGIIa.10, and MGIIb.17) have the 307 genomic potential to function in suboxic conditions through the presence of a high-affinity cytochrome bd 308
oxidase. Central to the potential heterotrophic metabolism is the degradation of HMW proteins and fatty 309 acids that can exploited by a number of transporters and extracellular peptidases. There remain several important avenues of research that cannot be addressed despite the scale of the 368 genome dataset. The MGII have previously been identified in filter fractions greater than 3μm and were 369
hypothesized to have been attached to large plankton 9 . Virtually none of the Tara Oceans samples in the 370
3-5μm range recruited to the MGII genomes, but the lack of metagenomes from >5μm from Tara Oceans 371 makes this difficult to assess if the MGII may be attached to even larger particles. And while global 372 metagenomes provide an metric for asking if an organism present, it fails to capture what an organism 373
doing. The release of the corresponding Tara Oceans microbial metatranscriptomes will allow future 374 assessment of what metabolisms are active for the MGII. With the identification of a putatively Na + -375 driven ATP synthase, future research will be required to determine how the MGII ETC functions, 376
especially with the prevalence of H + -pumping proteorhodopsins. Should the MGII ETC obligately rely on 377 Na + motive force, this may explain 'limited' distribution of MGII in marine environments, unlike the 378 more global distribution of the Thaumarchaeota (formerly Marine Group I). The analysis of MGII 379 genomic potential across 17 subclades allows for the reinterpretation of the role these organisms play in 380 the cycling of HMW organic matter in the environment and opens these new avenues of research. 381 382 383
Methods 384
Genome Selection and Phylogenetic Assessment
385
MGII genomes that were publicly available prior to January 1, 2018 14,17,25-27 were collected from NCBI 40 386 and IMG 41 and were assessed using CheckM 42 (v1.0.11) to determine the approximate completeness and degree of a 387 contamination ( Supplemental Table 1 ). A 'Reference Set' of genomes that were >50% complete and <5% 388 contaminated were included in downstream analysis, with the exception of two single-amplified genomes which 389 were ~40% complete but possessed an annotated 16S rRNA gene sequence. Genomes with predicted phylogenetic 390 placement within the MGII that were derived from the Tara Oceans metagenomic datasets 19,20,22,43 were collected 391 and assessed with CheckM (as above). Genomes originating from Tully et al. (2017 Tully et al. ( , 2018 ) that had >5% predicted 392 contamination were refined as described in Graham et al. 44 (2018) . Briefly, high contamination genomes originally 393 binned using BinSanity 45 (v.0.2.6.2) had their sequences pooled with contigs from the same regional dataset (see containing the operon was selected to represent that subclade (Supplemental Data 11). Each representative was the
